We have developed a rapid and precise analytical technique for the determinations of Y and rare earth elements (REE) from silicate rock samples by preparing XRF glass beads and using laser ablation (LA)-ICP-MS. Combined with XRF analysis, abundances of 39 major and trace elements (Al, Ca, Fe, K, Mg, Mn, Na, P, Si, Ti; Ba, Ce, Co, Cr, Dy, Er, Eu, Ga, Gd, Ho, La, Lu, Ni, Nb, Nd, Pb, Pr, Rb, Sc, Sm, Sr, Tb, Th, Tm, V, Y, Yb, Zn, Zr) for around 30 powder samples of silicate rocks can be measured successfully within five days. The method was applied to twelve GSJ rock reference materials (JA-1, JA-2, JA-3, JB1a, JB-2, JB-3, JG-1a, JG-2, JG-3, JGb-1, JR-1 and JR-2) to assess the precision and accuracy of our data. The data obtained from the GSJ rock reference materials reveals that most of the data ranging from the mafic to intermediate rock materials show good agreement with the compiled values reported by within ±20%. Though, the heavy-REE (Gd-Lu) for the felsic rock materials (e.g., JG-1a, JG-2, JR-1 and JR-2) showed large discrepancies compared with the compiled values, other elements are in good agreement. This can be explained due to the erroneous measurement of compiled values which may be attributed to incomplete dissolution of the rock materials for solution techniques.
INTRODUCTION
Inductively coupled plasma mass spectrometry coupled with a laser ablation technique (LA-ICP-MS) and secondary ion mass spectrometry (SIMS) are now accepted as precise direct and rapid sensitive analytical tool for trace element components for geological mineral or glass inclusions (e.g., Bea, 1996; Jackson et al., 1992; Hinton and Upton, 1991; Meston et al., 1984; Nesbitt et al., 1997; Norman et al., 1996; Shimizu and Richardson, 1987; Yurimoto et al., 1989) . Presently, one of the basic petrological description requires determination of major and trace element abundance as whole rock composition, as well as rock type classification and analysis of mineral modal compo-used. Among them, although the precision and accuracy of the measurements performed by the TIMS and solution ICP-MS was very high, the highly complicated and time consuming chemical decomposition and separation procedures were required. Moreover, great care must be given for possible erroneous analysis due to incomplete sample decomposition (e.g., Longerich et al., 1990; Hirata et al., 1988; Imai, 1990; Yoshida et al., 1992; Ujiie and Imai, 1995) .
To overcome these, laser ablation sample introduction technique was employed for the geochemical analysis of trace elements. Previous studies (Jarvis and Williams, 1993; Perkins et al., 1993; Nesbitt et al., 1997) have reported that whole rock composition analyses by laser ablation ICP-MS, using powder pellet and glass bead prepared for XRF analysis. The method allows for the rapid analysis of a large amount of igneous rocks, but, in case of the powder pellet, the analytical precision in REE abundance for an igneous rock is around 20% relative, caused by the effect of elemental inhomogeneous powder grain on the same pellet. Since the glass bead is intrinsically more homogeneous, erroneous measurements caused by possible sample heterogeneity can be minimized. However, using the general glass bead, i.e., dilution rate of 5 flux to 1 rock, REE abundance of more than 5 ppm on an igneous rock are required to obtain significant analytical precision of less than 10% relative (Nesbitt et al., 1997) . This analytical precision for whole rock composition analysis of REE is still insignificant to discuss the petrogenesis of igneous rocks.
Due to these drawbacks, also to avoid deterioration of analytical precision of the measurement, low dilution glass bead (2 flux to 1 rock) prepared for XRF analysis was prepared for the LA-ICP-MS analysis, thus aiming at rapid and precise determination of trace elements for several igneous rocks. Y and REE abundances for twelve GSJ rock reference materials were obtained and the quality of the data was vigorously tested by comparison with the compiled values reported by Imai et al. (1995) .
SAMPLES AND SAMPLE PREPARATION
In this study, Y and REE abundances in twelve rock reference materials (JA-1, JA-2, JA-3, JB1a, JB-2, JB-3, JG-1a, JG-2, JG-3, JGb-1, JR-1 and JR-2) were measured, because these rock reference materials are widely distributed by the Geological Survey of Japan (GSJ) and are well characterized to span a wide range of chemical compositions from ultramafic to felsic ones (e.g., Terashima et al., 1990; Imai, 2000) . The split/position numbers of the analyzed reference materials in this study were as follows; JA-1 (5/43), JA-2 (6/31) and JA3 (1/68) as andesite, JB1a (1/44), JB2 (5/43) and JB3 (7/121) as basalt, JG-1a (7/ 106), JG2 (2/48), JG3 (10/63) and JGb1 (1/64) as granite and gabbro, and JR1 (5/43) and JR2 (5/ 101) as rhyolite.
The XRF glass beads were prepared by mixing 1.8 g of sample powder with 3.6 g of lithium metaborate/tetraborate flux. 0.54 g of lithium nitrate was added as an oxidizer for the iron into the sample powder, and mixed in a torch-mixer for three minutes. This mixture was heated up to 1,200°C for 15 minutes in a 95%Pt-5%Au crucible with 30 mmø inner diameter, used in an automatic bead sampler. The detailed procedure and test of homogeneity for the XRF glass bead for major element compositions are reported in Tanaka and Orihashi (1997) and Tani et al. (2002) .
ANALYTICAL PROCEDURE
The ICP-MS instrument used in this study was a Thermo Elemental VG Elemental PlasmaQuadΩ, set in the Department of Earth and Planetary Sciences, Tokyo Institute of Technology. The ICP-MS instrument has been coupled to a frequencyquadrupled Nd-YAG UV laser (266 nm wavelength) with a sampling pit diameter of 40 µm. The laser system was operated at Q-switch mode, with pulse energy of ~100 mJ/cm 2 , a pulse repetition of 10 Hz and 120 seconds ablation. In order to minimize the elemental fractionation during ablation, ablation spot was changed every 20 seconds, and therefore, total six ablation craters with 3 × 2 grid of 100 µm interval were produced within the integration period (120 seconds). The XRF glass beads for the rock reference materials were sampled as unknowns at five widely spaced points with 3 × 2 grid, with intervening points on the NIST SRM610 glass and gas background with the laser off in order to measure background-to-standard-to-unknown-to-background, and the overall analytical time for single sample is 40 minutes. Details of the instruments and operational settings are listed in Table 1 . All the elemental abundances were calibrated by mean of the SRM610 material issued by National Institute Standard Technology (NIST), based on a critical evaluation of all data in the literature (Pearce et al., 1997 ) (see, Table  2 ). Sr concentrations for the twelve rock reference materials were measured at Earthquake Research Institute, The University of Tokyo, using XRF spectrometry (Phillips PW2400) prior to the LA-ICP-MS analysis (details of the XRF analytical procedure is described by Tani et al., 2002) .
Oxide interference corrections
In Ce ratio became less than 0.1% without large decrease in signal intensity of 140 Ce when the sampling length was within the range from 1.0 to 1.2 cm. This indicates that the oxide interference on the REE is minimized in laser ablation mode even with JB-1a and JG-1a, except for extremely enriched rock sample in light REE, as pointed out by several previous studies (e.g., Jackson et al., 1992; Norman et al., 1996) . Thus, we have carried out all measurements at 1.0 to 1.2 cm sampling length.
Internal normalization
The 88 Sr signal was used as an internal normalization to correct for difference in ablation yield from analysis-to-analysis and temporal variations in instrument signal intensity through the LA-ICP-MS analysis. In this study, 88 Sr signal was recently selected as internal standard rather than 27 Al, 43 Ca and 55 Mn signals, used by some previous workers (e.g., Fedorowich et al., 1993; Jarvis and Williams, 1993; Sylveter and Ghaderi, 1997) . This is because XRF method can easily and precisely measure Sr concentration in the glass bead, also, when 88 Sr signal is used as an internal normalization, it is not necessary to correct for mass dependency of signal drift in comparison with their light element signal (e.g., Eggins et al., 1997) . Results of five runs for JB-1a and JR-2 glass beads in Ce concentrations with and without 88 Sr signal as internal standard are shown in Fig. 2 . The values obtained by the internal normalization using 88 Sr signal provide significant reproducibility and precise abundance data. The relative standard deviations (RSDs) with the internal normalization become better 13% to 3.6% in JB-1a and 28% to 4.5% in JR-1 than those without internal normalization, respectively. In addition, our mean values with the internal normalization are much closer to these compiled data than those without the internal normalization. This indicates that internal standardization is essential to obtain precise quantitative data by LA-ICP-MS analysis.
Evaluation of the data using NIST SRM612
In order to assessment of accuracy, reproduc- ibility and detection limit of our analytical procedure by LA-ICP-MS, five repeated analyses for NIST SRM612 were performed using SRM610 as a standard during seven days ( Table 2 ). The mean values of SRM612 in Y and REE abundances showed the range between 36.0 ppm and 40.4 ppm, calculated using the preferred average of 76.15 ppm in Sr concentration (Pearce et al., 1997) . This result was in good agreement with the preferred average within 6% relative uncertainty, except for in Pr (8.7%) and Tb (8.3%). The reproducibility and lower detection of Y and REE determinations for SRM612 showed the range in SD from 1.5% in Ce to 5.0% in Er, and from 0.2 ppb in Tm to 5 ppb in Sm, respectively.
RESULTS AND DISCUSSION
The Y and REE abundance data obtained during five separate days are summarized in Table 3 . The RSD from our results, compiled values and difference (%) compiled from by Imai et al. (1995) were all shown in this table. All the abundance data given here were internally corrected using Sr concentrations determined by XRF analysis. The Sr abundances obtained by XRF analysis are in good agreement with those of the compiled values within the range of ±3% except for JG-2 (-5.6%), which is almost same level as typical analytical precision of measurement achieved in this study (10%).
Reproducibility in Y and REEs for the twelve GSJ rock reference materials
Reproducibility in Y and REE abundance measurement calculated based on five separate times repeated analysis were better than 12%, except for some elements in different rock samples; Eu in JG-2 (78%) and JR-2 (26%), Gd in JG-3 (16%) and Lu in JGb-1 (22%). Basically, the reproducibility of the measurements is strongly dependent on the concentration range of the analyses. Typical reproducibility performed in this study was less than 12% for the elements with concentration of 1 ppm level, and this could be improved to less than 7% for the elements which have concentration of 20 ppm level. Consequently, the reproducibility of the measurement was better than 5% for Y and La to Nd, and typically better than 10% for Sm to Lu on an igneous rock. However, in the case of Sm and Gd, despite the high contents in the samples, reproducibility of the measurements was significantly poorer than heavy- Imai et al. (1995) ; *Measured by XRF (N = 1).
Fig. 3. REE patterns of the selected twelve GSJ rock reference materials using XRF glass bead by LA-ICP-MS
with the compiled values reported by Imai et al. (1995) .
REEs. This is mainly due to smaller isotopic composition of the monitored isotope for Sm ( 147 Sm = 15.0%) and Gd ( 157 Gd = 15.7%) determinations.
Comparison of the present and compiled values
Chondrite normalized abundance pattern for the twelve GSJ rock reference materials were shown in Fig. 3(a) and (b) . These figures demonstrated clearly that there are no significant differences in the chondrite-normalized pattern. The exception only is the data for JG and JR samples. For JG and JR samples, our chondarite-normalized patterns exhibited more smooth patterns than those of the compiled values reported by .
For the mafic to intermediate rock reference materials (JB-1a, JB-2, JB-3, JA-1, JA-2, JA-3 and JGb-1), our abundance values for almost all elements show good agreements compared with the compiled values within 20% relative. The exceptions only are that Pr in JA-1 (27%), Ho in JA-2 (28%) and JA-3 (41%) and Tm in JGb-1 (-24%), which show substantially poor precision. Our abundance values for the seven rock materials indicate systematically 11-41% higher in Ho and 13-20% lower in Y than the compiled values, respectively ( Fig. 4(a) ). For the felsic rock reference materials (JG-1a, JG-2, JG-3, JR-1 and JR-2), our abundance values for Y and the light-REE (La-Eu) well agree with the compiled values within 20% relative except for La in JG-2 (25%). However, except for JG-3, most of our values for the heavy-REE (Gd-Lu) show systematically higher than 20% from the compiled values for these samples. Among them, in the case of JG-2, there are large discrepancies (>50%) in Ho, Tm and Yb abundances between our data and the compiled values. As for JG-3 (Fig. 4(b) ), present data shows a good agreement with the compiled values within 15% relative, except for Ho (37%).
Assessment of large discrepancies of the data
The present Y and REE abundance data we have obtained for rock reference materials show good agreement with those of the compiled values within 20% relative uncertainty. However, in the case of Pr, Ho and Tm for some of the mafic to intermediate rock reference materials, and also in the case of heavy-REE (Gd-Lu) for most of the felsic rock reference materials, present abundance data deviated significantly from the data reported by Imai et al. (1995) . There are several possible explanations for the discrepancies between our data and that of Imai et al. (1995) , and the most obvious one is heterogeneity among the different splits of these standards. This is very difficult to evaluate because no information such as sample batch or split numbers was given for the samples compiled by Imai et al. (1995) . In order to minimize the possible heterogeneity caused by difference in sample batch or sprit, more recent published data for the GSJ rock reference materials analyzed by INAA technique (Korotev, 1996; Stix et al., 1996) and by solution-ICP-MS technique (Makishima and Nakamura, 1997; Yokose and Yamamoto, 1997; Ujiie and Imai, 1995) were used for the evaluation of the data quality obtained here. In the case of the mafic to intermediate rock ref- Imai et al. (1995) . ( erence materials, our data show good agreement with the recent data within 20% relative uncertainty ( Fig. 5(a) ). The exception only is the data for mono-isotopic elements, i.e., Pr in JA-1, Ho in JA-2 and JA-3 and Tm in JGb-1 where there are large discrepancies between the recent data and the compiled values by Imai et al. (1995) . We believe that the large discrepancies in some monoisotopic elements may be due to poor analytical precision because accurate "isotope-dilution" technique could not be applied to these elements, as already pointed out by Makishima and Nakamura (1997) . On heavy-REE (Gd-Lu) for some felsic rock reference materials, Ujiie and Imai (1995) and Yokose and Yamamoto (1997) have demonstrated that large source of error may be due to incomplete dissolution of the rock materials when solution introduction techniques was applied. However, our discrepancies in heavy-REE for JG-1a and JG-3 are still larger than those of Ujiie and Imai (1995) and Yokose and Yamamoto (1997) . On the other hand, the recent INAA data by Stix et al. (1996) and Korotev (1996) are in good agreement with our measured data within 20% relative uncertainty ( Fig. 5(b) ), indicating that our measured values on REE for JG-2 are systematically around 10% higher than those of Stix et al. (1996) and Korotev (1996) . Moreover, our XRF glass bead method can completely dissolve the variable silicate rock samples (e.g., Tanaka and Orihashi, 1997) . These can be explained by the possibility that complete digestion of the sample would be very difficult for the felsic rocks such a JG and JR series for the solution analysis in spite of careful handling as proposed by Ujiie and Imai (1995) and Yokose and Yamamoto (1997) .
